Abstract
n
Materials and methods
The textile substrate used in this study consisted of 100% cotton single jersey knitted fabric of 200 g/m 2 surface weight. The fabric had already been bleached (ready for dyeing) with hydrogen peroxide in an industrial process, and was provided by Sapphire Fibres, Pakistan. Samples of reactive dyes were kindly supplied by DyStar, Pakistan. The main characteristics and chemical structures of the dyes are shown in Table 1 and Figure 1 , respectively. All the other chemicals used, including sodium sulfate (Na 2 SO 4 ) and sodium carbonate (Na 2 CO 3 ), alum (Al 2 (SO 4 ) 3 ), and magnesium chloride (MgCl 2 ), were of commercial grade and used without any further purification.
Dyeing procedure
Deep shade dyeing (5% owf) of CI Reactive Yellow 145, C.I. Reactive Black 5, and C.I. Reactive Red 194 was carried out individually on 10-g samples consisting of two fabric swatches, each weighing 5 grams. Dyeing took place on a Datacolor Ahiba Nuance (New Jersey, USA) laboratory-scaled dyeing machine at a liquor ratio (L:R) of 1:10 using an off process by using a variety of chemicals including enzymes, surfactants, cationic fixing agents, aqueous alkalis, and anionic and non-ionic detergents [8 -12] . The removal of unfixed dyes from fabric using ozone (O 3 ) and ultrasonic energy during the wash-off process has been investigated by some researchers [13, 14] . Attempts were also made to design and synthesise easy wash-off reactive dyes [15] .
This study evaluates the use of selected coagulants in the wash-off process of reactive dyeing to achieve simultaneous removal of unfixed reactive dyes from dyed fabric and wash-off liquor. The removal of colour from dye-containing effluents by coagulation is most common, and widely practiced both in developed and developing countries due to its low capital cost [16 -18] . It seems that most of the relevant studies of coagulation have been focused only on the decolourisation of textile effluents [19 -23] . To the best of our knowledge, no studies related to the use of coagulant as a wash-off agent for reactive dyes have been published in the research or patent literature.
DOI: 10.5604/12303666.1196622 n Introduction
Stringent international laws and increased public concern about the environment have challenged the industries to develop eco-friendly processes [1] . In textile dyeing and finishing units, water is extensively used in almost every step of different processes [2] . One of the most expensive, time-consuming and polluting processes in textile colouration is the removal of loosely bound unfixed or hydrolyzed dyes from a textile substrate [3] . The wash-off process consumes large quantities of water and produces large volumes of wastewater containing residues of dyes, high temperature, turbidity, and COD & BOD concentration [4] . The direct discharge of such wastewater into water bodies without adequate treatment contaminates the water and adversely affects many species of aquatic flora and fauna [5, 6] .
The wash-off step to remove unfixed dyes is critical to guarantee acceptable colour fastness properties in the final dyed material [7] . When reactive dyes are applied in deep shades, difficulties are encountered in removing the unfixed dyes. Numerous studies have been conducted in the past to optimise the wash- isothermal all-in-one dyeing method as shown in Figure 2 .
Wash-off procedure
At the completion of the dyeing process, one 5-garm fabric swatch was given conventional wash-off treatment as shown in Table 2 , and regarded as a reference sample. The remaining 5-gram fabric sample was subjected to a new wash-off method containing coagulants, alum (Al 2 (SO4) 3 ) and magnesium chloride (MgCl 2 ), and the sample treated was compared with the reference one. The coagulants were added directly in all wash-off steps the same way as detergents in the conventional wash-off. The spent washoff baths from both methods were also saved, and a comparison was made in terms of the colour strength of the liquor.
Colour measurements
The reference and coagulant treated fabric samples were subjected to reflectance measurements using a spectrophotometer Spectraflash 600 PLUS-CT (Datacolor, USA) under illuminant D65, using a 10° standard observer with the specular component excluded and UV component included. Each fabric was folded to achieve four thicknesses and an average of four readings was taken. The colour strength of the dyed samples was presented in terms of the K/S value calculated by the Kubelka-Munk equation.
Colour fastness testing
Fastness properties to rubbing (wet and dry) and washing of the dyed samples were evaluated according to ISO 105-X12 (2001) and ISO 105-C06/A2S (2006), respectively.
Measurement of colour removal
Wastewater from both conventional and coagulant wash-off was measured at a wavelength corresponding to their maximum absorption (λ max ) using a UV-visible spectrophotometer DR/4000 (HACH, USA). The decolourisation efficiency was determined based on the absorbance changes using Equation 1:
where, A 0 = absorbance of liquor from conventional wash-off, A = absorbance of liquor from coagulant wash-off.
n Results and discussion
Effect of pH on coagulation performance
The initial pH of effluent is an important parameter in the coagulation process because every coagulant displays a maximum colour removal at its optimum pH [24] . In order to determine the optimum pH values of Alum and MgCl 2 for the removal of colour from wash-off liquors, a constant dose of coagulant (500 ppm) was added at different pH values, adjusted using acetic acid or NaOH solutions. 
Effect of coagulant dose
Determination of an appropriate dose of coagulant is considered as one of the most important parameters for their performance in the colour removal process. An insufficient dosage or overdosing would result in poor performance.
Moreover an optimum dosage of coagulant also minimises the dosing cost and sludge formation [27] . The effect of coagulant doses (100 -500 ppm) on the removal of colour from different wash-off liquors using alum (pH 5) and MgCl 2 ferences in lightness (ΔL* = 0.30), hue (ΔC* = -0.56), and the total colour difference (ΔE cmc(2:1) = 0.32). Similarly the total colour difference (ΔE cmc(2:1) = 0.71) between the reference and 200ppm alum treated sample confirm that colour properties of the treated fabric were comparable to those of the reference sample. When the concentration of alum was increased to 500ppm, the shade of the sample was found to be darker (ΔL* = -0.87), greener (Δa* = -0.87), duller (ΔC* = -0.93) and yellower (Δb* = 0.31), with the total colour difference being perceivable (ΔE cmc(2:1) = 1.73). In the case of CI Reactive Red 194, an acceptable colour difference (ΔE cmc(2:1) < 1.0) was achieved when the alum dose was ranged between 100 to 300 ppm. Fabric samples dyed with CI Reactive Black 5 showed the lowest and highest colour differences of ΔE cmc(2:1) = 0.56 and ΔE cmc(2:1) = 1.67 at alum doses of 100 and 400 ppm, respectively.
Fabric samples washed-off with MgCl 2 followed the same pattern as the alum treated samples-ΔE cmc(2:1) values increased with the increasing concentration of coagulant. The colour strength (K/S) values of all dyed samples confirmed the fact that the depths of shade became darker when the amount of coagulant was gradually increased in the wash-off process.
Colour fastness properties
A comparison of fastness properties (crock fastness and staining ratings) of the reference and coagulant-treated dyed samples is reported in Table 9 (see  page 128 and washed-off with alum at 100 ppm concentration showed 4/5 wet rubbing, which was half a point less than that of yielded improved fastness properties accompanied by an increased total colour difference (ΔE*) and change of shade. Moreover the new wash-off method can significantly reduce (up to 87%) colour in wastewater that is generated during the wash-off process. It is recommended that the effect of coagulants on different substrates dyed with various classes of reactive dyes should be investigated in pilotscale studies to evaluate the suitability of the method for commercial applications.
imparted with a high dose of coagulants in the wash-off.
n Summary and conclusions
This research evaluated a new wash-off method for simultaneously removing surface-deposited unfixed dyes from cotton fabric and liquor used in the wash-off process. Unfixed dyes were removed by controlled addition of coagulants, either alum or MgCl 2 , to attain the level of colour fastness required. The efficiency of the new method was investigated for cotton fabrics dyed with C.I. Reactive Yellow 145, C.I. Reactive Red 194, and C.I. Reactive Black 5 in deep shades (5% owf). Based on the results obtained in this study, the coagulant-based washoff method can produce similar colour fastness properties with an acceptable colour difference at a lower dose (100 -200 ppm) of coagulants. The higher dose (300 -500 ppm) of coagulants the reference fabric; however, at this concentration, no change of shade (5 rating) observed. When the alum concentration was increased to 200ppm, all fastness parameters became identical to those of the reference. At an alum concentration between 300 and 500 ppm, staining to cotton was found to be half a point better compared to that of the reference. The results obtained suggest that an alum concentration of 200 -300 ppm is good enough to yield acceptable fastness properties. The other two dyeings with CI Reactive Red 194 and CI Reactive Black 5 showed almost identical fastness properties on both the reference and coagulant-treated dyed samples when the alum dose was adjusted to 200 ppm. A similar trend was noticed when all three dyeings were washed-off with MgCl 2 . A significant change in shade was noticed in samples washed-off with higher concentrations of coagulants (300 -500 ppm). These results could be attributed to possible changes in the hue of dyed material 
